Abstract
2 of the compound became constant. The particle size, shape, density and/or light 22 absorption capability of the compounds were shown to affect the "information" and 23 "infinitely thick" depths of individual compounds. However, when different sized 24 fractions of aspirin were added to Avicel as the main component, the depth values of 25 aspirin were the same and matched that of the Avicel: 1.7 mm for the "information" 26 depth and 3.5 mm for the "infinitely thick" depth. This latter value was considered to be 27 the minimum Raman sampling depth when monitoring the addition of aspirin to Avicel in 28 the blender. Mixing profiles for aspirin were obtained non-invasively through the glass 29 wall of the vessel and could be used to assess how the aspirin blended into the main 30 component, identify the end point of the mixing process (which varied with the particle 31 size of the aspirin), and determine the concentration of aspirin in real time. The Raman 32
procedure was compared to two other non-invasive monitoring techniques, near infrared 33 (NIR) spectrometry and broadband acoustic emission spectrometry. The features of the 34 mixing profiles generated by the three techniques were similar for addition of aspirin to 35 Avicel. Although Raman was less sensitive than NIR spectrometry, Raman allowed 36 compound specific mixing profiles to be generated by studying the mixing behaviour of 37 an aspirin -aspartame -Avicel mixture. 38
Introduction

44
Raman spectrometry is proving to be a useful monitoring technique in the pharmaceutical 45 industry, especially in secondary manufacturing [1, 2] . Considerable invasive Raman spectrometry [26] . The process was monitored via a glass window in the 57 side of the vessel using a laser spot of approximately 2 mm diameter. There was no 58 significant difference in the intensity of the Raman signal when the diltiazem pellets were 59 stationary or mixing at 50 rpm. Therefore, spectra could be recorded without stopping the 60 8 time was 32 ms and 10 scans were co-added for each acquired spectrum allowing 153 measurements to be taken every 0.5 s. Data were exported as text files into Matlab for 154 further analysis using PLS_Toolbox. First derivative spectra were calculated using the 155 Savitzky -Golay function with a 5 point filter width and second order polynomial. 156
Acoustic emission 157
The broadband AE monitoring equipment has been described previously [41] . A Nano 30 158 transducer (Physical Acoustics Ltd, Cambridge, UK) was attached to the glass wall of the 159 mixing vessel using a silicone-based vacuum grease (Dow Corning) and adhesive tape. 160
The Nano 30 transducer was attached to a 2/4/6 series pre-amplifier (Physical Acoustics 161 Limited). The pre-amplifier required a 28 V power supply (Physical Acoustics Limited) 162 and the gain of the pre-amplifier was set to 60 dB. The pre-amplifier was connected to an 163 Agilent 54642A oscilloscope using a 5 m length cable, which was linked to a computer via a 164 The information depth was estimated using the TiO 2 Raman signal at 397 cm -1 . As 214 the depth of Avicel, aspirin or sodium nitrate increased, the TiO 2 signal decreased until it 215 became zero; hence, the information depth was defined as the point where the exciting 216 laser can no longer penetrate the powder to generate a detectable Raman signal of the 217 TiO 2 reference layer. This type of approach has been used previously for information 218 depth measurements in NIR reflectance spectrometry [31, 43, 44] . A second set of 219 measurements was made based on the change in the intensity of the Raman signals of 220 Avicel, aspirin and sodium nitrate powders at 1095, 1606 and 1068 cm -1 , respectively. In 221 this case, the Raman signal increases with powder depth and then becomes constant, 222 which defines the depth of powder at which the sample effectively becomes infinitely 223 thick. These measurements were made to allow comparisons with the results of previous 224
Raman studies [36, 40] and a study on reflectance NIR which used a similar protocol to 225 assess the sampling depth for aspirin powders [31] . 226
Powder blending 227
The scaled-down convective mixer has been described previously The TiO 2 peak at 397 cm -1 was least affected by the other compounds and so was 250 used for the information depth experiments. The peaks at 1068 and 1606 cm -1 in the 251 sodium nitrate and aspirin spectra, respectively, were used to determine the depth at 252 which the sample becomes infinitely thick. A small peak in the Avicel spectrum at 253 approximately 1095 cm -1 was also measured, but was found to have poor sensitivity 254 compared to the peaks selected for the other two compounds. 255 256
Raman information depths for uncompacted powders 257
A number of particle size ranges of Avicel, aspirin and sodium nitrate were analysed at 258 increasing depths using the set-up illustrated in Figure 1 , and the second derivative 259
Raman spectral intensities were recorded. When the TiO 2 peak at 397 cm -1 could no 260 longer be detected, the depth of the selected powder was deemed to be the information 261 depth limit. Figure 3 gives a summary of the information depths for the different particle 262 size fractions of each compound. In each case, the information depth increased with 263 13 particle size before becoming constant at higher particle sizes. As the information depth 264 for 300 -355 µm aspirin and 355 -425 µm sodium nitrate particles was found to be 265 >4.48 mm and so could not be determined, values for these fractions were not included in 266 Figure 3 . The increase in information depth with particle size is consistent with Kubelka-267
Munk theory. Diffuse reflectance decreases as particle size increases [46, 47] and 268 consequently, the exciting laser intensity and the Raman signal generated can propagate 269 through larger depths of powder. The differences in information depth for similar sizes of 270
Avicel, aspirin and sodium nitrate particles <400 µm indicates that the particle shape, 271 density and/or the light absorption capability of the compounds affect the depth of 272 powder through which the TiO 2 Raman spectrum can be measured. 273
As the intention was to use the PhAT probe to monitor powder blending in a 274 mixer, information depths for TiO 2 at 397 cm -1 were obtained for 10, 30 and 40 g of 275 aspirin blended with 75 g Avicel PH-101 to give aspirin concentrations of 11.8, 28.6 and 276 34.8% w/w, respectively. Three particle size ranges of aspirin were used: <106, 250 -277 300 and 425 -500 µm. The information depth for each of the mixtures was in the range 278 1.7 -2.0 mm, similar to the value for unsieved Avicel PH-101 (1.7 mm). These findings 279 are similar to those obtained using NIR spectrometry, i.e. the information depth for the 280 analyte compound is determined by the main component in the mixture [31] . 281 282
Depth of powder at which sample becomes infinitely thick 283
The depth of powder at which the 2 nd derivative Raman signal of Avicel (1095 cm -1 ), 284 aspirin (1606 cm -1 ) or sodium nitrate (1068 cm -1 ) became constant was different for each 285 compound and varied with particle size. The depth was found to be >3 mm for each 286 14 particle size range for Avicel. For sodium nitrate, the depth for the two smallest fractions 287 (150 -212 µm and 212 -250 µm) was about 0.8 -1 mm, whereas for the other particle 288 sizes, the value was 3.5 -3.9 mm. For aspirin, the depth initially increased with 289 increasing particle size (from 3.8 to 4.5 mm) then decreased to 3.5 mm for the largest 290 aspirin particle size range (425 -500 µm) analysed. When other peaks in the aspirin 291 spectrum (292, 751 and 1045 cm -1 ) were measured, the information depth values were no 292 different to those obtained at 1606 cm -1 . In contrast, it has been shown that different 293 peaks in the NIR spectrum of aspirin give different "infinitely thick" sample depths 294 owing to the different absorptivities of the first and second overtones in the spectrum (0.6 295 -1.1 mm and 1.1 -2.2 mm, respectively, depending on particle size) [31] . 296
Wang et al. [40] investigated the effect of particle characteristics on the Raman 297
sampling depth for a number of crystalline powders using the "infinitely thick" method 298 and found similar trends to those reported here. An increase in sampling depth was 299 observed with average particle size in the range 108 -428 m for sodium nitrate; 300 however, the values obtained (6 -15.5 mm) were much larger than those obtained in the 301 present study. This is likely to be due to a combination of factors; the laser wavelength 302 (514.5 nm) was shorter (sampling depth is wavelength dependent [48] ) and a different 303 optical configuration was employed, which has a strong influence on the sampling depth 304
[40]. The sampling depth of a prototype Raman PhAT probe with a 3 mm diameter laser 305 spot size was reported to be 2 mm for theophylline discs, using the "infinitely thick" 306 method [36] . However, it has been shown that the sampling depth is less for pressed 307 material compared to uncompacted powders [40] . 308 When the previously mentioned particle size fractions of aspirin were mixed with 309 unsieved Avicel, the intensity of the aspirin peak at 1606 cm -1 became constant at a depth 310 of 3.5 -3.9 mm for all the mixtures. This indicates that similar to the information depth 311 measurements, the depth at which an infinitely thick sample is achieved is influenced 312 principally by the main component and is less affected by particle size variations of the 313 minor component. If the sampling depth is 3.5 mm for mixtures of Avicel and aspirin and 314 it is assumed that all layers within the 3.5 mm contribute equally to the Raman signal, 315 then with a 6 mm diameter laser spot the sampling volume is 99.0 mm 3 . This equates to a 316 mass of 0.045 g if the density (tap) of the powder is assumed to be that of Avicel 317 (0.45 g cm -3 ). However, it can be estimated from the information depth plots that 318 approximately 90% of the Raman signal is generated in the upper 1 mm layer of the 319 powder; this is consistent with the results of Monte Carlo simulations by Matousek and 320
Parker [24] . Therefore, the mass of sample that contributes to approximately 90% of the 321 Raman signal is 0.013 g. 322
The depth at which a sample becomes infinitely thick is generally greater than the 323 information depth determined using a reference layer of TiO 2 . When a reference layer is 324 used, the laser photons propagate through the powder to the reference layer where Raman 325 photons of the reference material are generated. The backscattered Raman photons then 326 propagate back through the powder where they are detected. Consequently, the Raman 327 signal used to determine the information depth is only generated in the plane of the 328 reference layer. In comparison, when a compound peak is used Raman photons can be 329 generated throughout the entire depth of the powder. In such situations, the Raman signal 330 decays slower than the exciting laser intensity [49, 50] and so it might be expected that 331 16 the sampling depth determined using this method will be greater. As the infinitely thick 332 depth is determined using a signal from the sample powder, this will reflect more 333 accurately the depth of material sampled by the Raman probe during powder blending. 334 335
Effect of particle size on Raman intensities 336
The second derivative Raman intensity of aspirin, Avicel and sodium nitrate was 337 measured for each particle size range with a powder depth of 8.48 mm, well in excess of 338 the depth required to achieve an infinitely thick sample for each compound (see Figure  339 4). The aspirin peak intensity at 1606 cm -1 increases then decreases with increasing 340 particle size, with the maximum (i.e. largest negative) signal intensity occurring at the 341 intermediate particle size ranges. A similar trend was observed for the sodium nitrate and 342
Avicel peak intensities at 1068 and 1095 cm -1 , respectively. 343
Kubelka-Munk theory states that diffuse reflectance increases as particle size 344 decreases, which limits the volume of sample contributing to the Raman signal, and 345 therefore, the Raman intensity should increase with increasing particle size [46, 47] . The 346
Raman signals for aspirin, sodium nitrate and Avicel increase with particle size at lower 347 particle sizes, in accordance with Kubelka-Munk theory; however, the signal decreases 348 with an increase in particle size for larger particles. A similar trend to that observed in 349 
